Objective. To assess the diagnostic ability of WristOx 3100 using its three different recording settings in patients with suspected obstructive sleep apnea syndrome (OSAS). Methods. All participants (135) performed the oximetry (three oximeters WristOx 3100) and polysomnography (PSG) simultaneously in the sleep laboratory. Both recordings were interpreted blindly. Each oximeter was set to one of three different recording settings (memory capabilities 0.25, 0.5, and 1 Hz). The software (nVision 5.1) calculated the adjusted O 2 desaturation index-mean number of O 2 desaturation per hour of analyzed recording ≥2, 3, and 4% (ADI2, 3, and 4). The ADI2, 3, and 4 cutoff points that better discriminated between subjects with or without OSAS arose from the receiver-operator characteristics (ROCs) curve analysis. OSAS was defined as a respiratory disturbance index (RDI) ≥ 5. Results. 101 patients were included (77 men, mean age 52, median RDI 22.6, median BMI 27.4 kg/m 2 ). The area under the ROCs curves (AUC-ROCs) of ADI2, 3, and 4 with different data storage rates were similar (AUC-ROCs with data storage rates of 0.25/0.5/1 Hz: ADI2: 0.958/0.948/0.965, ADI3: 0.961/0.95/0.966, and ADI4: 0.957/0.949/0.963, P NS). Conclusions. The ability of WristOx 3100 to detect patients with OSAS was not affected by the data storage rate of the oxygen saturation signal. Both memory capacity of 0.25, 0.5, or 1 Hz showed a similar performance for the diagnosis of OSAS.
Introduction
The obstructive sleep apnea syndrome (OSAS) is characterized by partial or total closure of the pharynx during sleep, which produces irregular episodes of hypopnea or apnea associated with oxygen desaturation of variable magnitude. The degree of oxygen desaturation can depend on a number of factors including baseline level of oxygen saturation, lung volume, sleep stage, type and duration of respiratory events, location of the sensor, and technological differences between the oximeters [1] [2] [3] [4] [5] . Other parameters that can influence the morphology of the SO 2 signal and the quantification of such data are the acquisition parameters including the averaging time and data storage rate of the SO 2 signal [6] [7] [8] [9] . Averaging time refers to the time window used by the device in order to produce a moving average of the data stream that works as a signal filter, smoothing out short term fluctuations. Different averaging times can produce different results with the same oximeter [7, 10] , and also the same averaging time can lead to different results using different oximeters [5] . Three reports have showed that when the averaging time and the data storage rate of the SO 2 are shorter, the oxygen desaturation index (ODI) and the respiratory disturbance index (RDI) are generally higher and vice versa [10] [11] [12] . However, no study has evaluated yet whether the observed differences in the ODI with different acquisition parameters could affect the performance of pulse oximetry in terms of sensitivity and specificity for diagnosing OSAS. The Nonin WristOx 3100 is a small, lightweight pulse oximeter designed to be worn comfortably on the patient's wrist. This type of device is ideal for use in the patient's home. This can be set to specific data storage rates for oxygen saturation signal (1, 0.5, 0.25 Hz), allowing a greater or lesser capacity for data storage in the device memory. We have recently validated the WristOx 3100 oximeter with polysomnography to diagnose OSAS [13] . At that time, the oximeter was set to data storage rate of SO 2 of 0.5 Hz. Therefore, the objective of this study was to assess the diagnostic ability of WristOx 3100 using its three different recording settings in patients with suspected OSAS. (Otorhinolaryngology, Pneumonology, Internal Medicine, Cardiology, and Neurology). The selection criteria were the following.
Methods
(i) Inclusion criteria.
(1) OSAS-suspected patients of both sexes (snoring with/without other symptoms such as apneas referred by someone and/or somnolence). (ii) Exclusion criteria.
(1) Use of oxygen, CPAP, or some modality of noninvasive mechanical respiratory assistance during PSG. (2) Age under 18 years old. (3) Patients suspected of having congestive heart failure, neuromuscular disease, insomnia, parasomnias, periodic limb movement disorder, circadian rhythm disorders, or narcolepsy.
(iii) Elimination criteria.
(1) Polysomnographies with artifacts in EEG or respiratory channels (airflow, toracoabdominal movements, and SO 2 ) that did not allow the reading of the sleep stages or the respiratory events. PSG Analysis. PSG reading was performed manually by two widely experienced medical staff members who were blind to the operator that analyzed the oximetry. The sleep stages were analyzed in 30 s epochs according to international criteria [15] . The arousals were identified following the American Sleep Disorder Association recommendations [16] . The analysis of apneas, hypopneas, and respiratory effort related arousals (RERAs) were in agreement with the international criteria [17, 18] . The following definitions were used.
(i) Respiratory disturbance index (RDI): number of apneas plus hypopneas plus RERAs per hour of sleep [19] .
(ii) OSAS was defined as an RDI ≥ 5.
(iii) Severity of OSAS: mild = RDI ≥ 5-< 15; moderate = RDI ≥ 15-< 30; severe RDI ≥ 30 [20] .
Pulse Oximetry.
The Nonin WristOx 3100 (Nonin, Plymouth, Minn, USA) was used to compare its diagnosis accuracy with respect to PSG. Each patient had three sensors placed on the distal aspect of three fingers, which were connected to the three separate oximeters. Each oximeter was set to one of three different recording settings (0.25, 0.5, and 1 Hz data storage rate). The response time of the SO 2 signal is based on an exponential averaging every 4 or 8 beats depending on the heart rate. This recording parameter cannot be modified by the user. The nail polish was removed to avoid interferences in the reading of SO 2 .
Analysis of SO 2 . A blind independent observer of the PSG results performed the automatic analysis with the nVision 5.1 software (Nonin, Plymouth, Minn, USA). The software performed an automatic SO 2 data exclusion of areas with artifacts. Besides, the observer that analyzed the oximetry could manually exclude from analysis those areas that showed a clear disconnection of the finger probe (SO 2 or cardiac frequency signal loss). The automatically and manually excluded data constituted the time of artifacts. Thus, the analyzed time was the total recording time minus the time of artifacts. The nVision program calculated the following variables.
(i) Basal SO 2 is the average of the SO 2 readings that are not included in any desaturation event.
(ii) O 2 desaturation event (D): a decrease in SO 2 from basal SO 2 ≥ 2, 3, and 4% (D2, D3, and D4, respectively) lasting at least 12 s.
(iii) Adjusted O 2 desaturation indexes (ADIs): mean number of O 2 desaturations per hour of analyzed recording ≥ 2, 3, and 4% (ADI2, 3, and 4).
The ADI2, 3, and 4 cutoff points that better discriminated between subjects with or without OSAS arose from the receiver operating characteristic (ROC) curve analysis. 
Statistical Analysis.
To assess if the study variables had a normal distribution, we performed a frequency histogram and used the Kolmogorov-Smirnov test. Thus, when the distribution was normal, the mean and standard deviation were reported. Instead, the median and the 25-75% percentiles were used if the distribution was not normal. The chi-square test was used to evaluate significant differences between patients with mild, moderate, and severe sleep apnea. A repeated-measures analysis of variance was performed to determine whether there were differences between analyzed times of the oximetry and the ADIs at the three data storage rates. The diagnostic accuracy of oximetry using different cutoff points of RDI was evaluated by the receiver operating characteristics (ROCs) curve. Similarly, we compared the area under the ROC curve of the best ADI2, 3, and 4 cutoff points. Sensitivity and specificity, positive and negative likelihood ratio (LR+, LR−) were assessed for the different criteria of positive oximetry. 
Results
Out of the 138 patients who were invited into the study, 135 gave informed consent. Mechanical equipment malfunctioning or artifacts by disconnections or finger probe displacement in one or more oximeters occurred in 26 patients, technologist error (failure to properly download memory data, errors in the configuration of the data storage rate of oximeter) was noted in 4 cases and other 4 cases had a total sleep time less than 180 min. Thus, 101 subjects provided acceptable data for comparing the influence of recording settings on the performance of the oximeter.
Subjects Characteristics.
The patient characteristics are shown in Table 1 . Men represented 76% of the study sample. The prevalence of OSAS ranged from 68% to 83%, depending on the cutoff point adopted to define OSAS. 57% of the study sample had mild to moderate OSAS and 43% of subjects had severe sleep apnea. 6 patients with an AHI < 5 in the PSG were classified as mild OSAS when the RERA was included in the analysis. 
Agreement between Oximetry and Polysomnography.
The agreements between the ADI (data storage rate 0.5 Hz) and RDI are shown in Figures 1, 2 , and 3. The mean difference between the ADI2, 3, and 4 and the RDI were 4.8 ± 11.5, 
ROC Curves Analysis, Sensitivity, Specificity, and Ratio
Likelihood from Oximetry. The performance of the oximeters with different data storage rates is shown in Tables 2 and 3 . There was no statistically significant difference in the accuracy of the oximeter with different data storage rates. 119 patients presented valid oximetry data with a sample rate of 0.5 Hz. The ADI cutoff points with the best sensitivity and specificity in these subjects are shown in Table 4 .
False Negative and Positive Patient Characteristics.
The lowest oximetry sensitivity was observed with a data storage rate of 0.5 Hz (criteria: ADI3 2 s > 10.4, OSAS = RDI ≥ 5). There were 16 false negative cases with this cutoff point. FN patients showed a lower BMI and RDI than true positive patients (TP). Also, they had a higher baseline SO 2 and percentage of RERAs than TP patients (see Table 5 ). The lowest specificity was observed with a data storage rate of 0.25 Hz (criteria: ADI3 4 s > 9.1, OSAS = RDI ≥ 15) with 4 false positive cases. These patients had a lower baseline SO 2 and a trend towards higher BMI than the true negative patients (SO 2 94 ± 1.4 versus SO 2 96.2 ± 1.2, P 0.04, BMI 29.2 ± 8.7 versus 25.1 ± 3.9, P 0.42). It was also noted that one subject had COPD and other a scoliosis of the thoracic spine.
Discussion
The main finding of this study was that the data storage rate of the oxygen saturation of WristOx 3100 did not affect its ability to diagnose subjects with suspected OSAS. Other authors have evaluated the influence of the data storage rate of the SO 2 on the performance of the oximeter to quantity oxygen desaturation, but none has assessed the accuracy of pulse oximetry as a diagnostic test for OSAS using different data storage rates of SO 2 . Wiltshire et al. [11] Del Campo et al. [22] Nigro et al. [13] Chi-square = 2.5; df = 2 (P = 0.2866) Zamarrón et al. [23] Using as a definition of a positive oximetry ODI3 ≥ 5, the percentages of negative oximetry for the three situations were 14% (3 s), 20% (6 s), and 28% (12 s).
In contrast to these studies, we observed a negligible difference between the adjusted desaturation indexes (ADIs) with different data storage rates (see Table 6 ) that did not influence the diagnostic accuracy of oximetry even with the lower data storage rate (see Table 3 ). The most likely explanation for the discrepancy between our study and previous reports lies in the number of SO 2 data stored in the memory of the oximeters. The minimum data storage rate of WristOx 3100 is higher than the Ohmeda 3740 (0.25 Hz versus 0.08 Hz, resp.). It suggests that saving data every 12 s is not sufficient to detect all episodes of oxygen desaturation in patients with OSAS, but collecting a value of SO 2 every 4 s was sufficient to avoid a dropoff in resolution seen with lower rates data storage. Also, the algorithm used by the oximeters to average SO 2 , and distinct technologies could explain some of the differences observed. While the Ohmeda 3740 averaged a period of time (3, 6, or 12 s), the averaging of the WristOx 3100 is based on the number of heart beats, this allowing to adjust the SO 2 for slower or faster heart rates. In addition, rather than a strictly linear averaging (i.e., mathematical mean or average), the WristOx 3100 uses an exponential averaging which allows the most recent data to be given more weight than the older data. Finally, although the recording conditions between the oximeters may be similar, distinct technologies could explain the differences observed in the number and depth of the oxygen desaturations [3] [4] [5] .
Clinical guidelines for the use of unattended portable monitors in the diagnosis of obstructive sleep apnea in adult patients recommend using an oximeter with a fast averaging time (≤3 s) and a high data storage rate for the assessment of oxygen saturation [21] . However, the recommendations have not mentioned the value of the data storage rate of SO 2 . Our observations suggest that a minimum data storage rate of 0.25 Hz would be sufficient to avoid loss of resolution oximetry to detect oxygen desaturation during sleep studies. In line with this hypothesis, two reports [22, 23] using a pulse oximeter with data storage rate of 0.2 Hz and mathematical analysis of the SO 2 signal showed a sensitivity and specificity similar to the current study without heterogeneity between the studies (pooled sensitivity: 88%, 95% CI 84.4-91.2: pooled specificity: 83.4% 95% CI 78-88) (see Figure 4) . In places where the access to polysomnography is difficult or when there is a long waiting list, the home oximetry, associated with a complete sleep history, is a useful tool as a first approach in patients with probable OSAS. In this context, clinicians and technicians must be aware of the influence of data storage rate on the performance of the oximetry. Thus, a minimum data storage rate of 0.25 Hz should be used to avoid losing resolution in the detection of oxygen desaturation associated with respiratory events. The reevaluation of WristOx 3100 for subjects with suspected OSAS showed a performance similar to that previously reported, with a high sensitivity and specificity insubstantially changed by the 3 different data storage rates used (see Figure 5) . Nevertheless, we cannot draw valid conclusions about the accuracy of the WristOx 3100 to detect or exclude OSAS outside the sleep laboratory without technical control even though it is likely that the performance of WristOx is similar at home since it has been reported that the accuracy of a level 4 device compared with PSG at home was similar to that observed in the sleep laboratory [24] . Also, the cutoff point hereby reported for the diagnosis of SAHS should be taken cautiously because OSAS prevalence in the general population is lower than in our study sample, which could reduce the diagnosis capacity of the WristOx 3100 oximeter. Finally, as no outcome measure was evaluated, we cannot know the clinical relevance of our findings for the initial management of OSAS-suspected patients.
In conclusion, the ability of WristOx 3100 to detect patients with OSAS was not affected by the data storage rate of the oxygen saturation signal. Both memory capacities of 0.25, 0.5, and 1 Hz, showed a similar performance for diagnosis of OSAS in our study population. According to these observations, the minimum data storage rate tested (0.25 Hz) has proved adequate for home oximetry with the WristOx 3100.
However, further studies are needed to confirm whether these findings can be applied to other models of oximeters.
